Abstract: Atlantic salmon (Salmo salar) are distributed over large areas in the north Atlantic Ocean. They usually move very quickly from freshwater to oceanic areas, whereas there is considerable variation among Pacific salmon in early marine movements. In some areas, Atlantic salmon of exploitable size are sufficiently abundant that commercial high seas fisheries have developed. Such areas are off west Greenland, where North American and European fish are harvested, and in the Norwegian Sea, north of the Faroe Islands, where mainly European fish are exploited. Atlantic salmon feed on a wide range of large crustaceans, pelagic fish, and squid in the marine environment, supporting the hypothesis that Atlantic salmon are opportunistic feeders. In the ocean the salmon grow relatively quickly and the sea age when they become sexually mature depends on both genetics and on growing conditions. Natural marine mortality of salmon is highest during the first few months at sea and the major mortality factor is probably predation. However, marine mortality of Atlantic salmon has increased in recent years, apparently correlated with a decline in sea surface temperatures. Similar relationships between environmental conditions and the growth and survival of Pacific salmon have been reported. Atlantic salmon life histories most closely mimic stream-type chinook salmon or steelhead trout among the Pacific species. Finally, Atlantic and Pacific salmon return to their home rivers with high precision and possible mechanisms controlling the oceanic homing migration are presented and discussed.
With the exception of such non-anadromous populations, Atlantic salmon are adapted to the prevailing environmental conditions that they encounter both in freshwater and at sea. The marine environment is a generalized one and the distributions of many populations overlap broadly. However, the surviving adult salmon almost invariably return to spawn in their natal stream (e.g., Malloch 1910; Carlin 1969; Swain 1982; Potter and Russell 1994; Youngson et al. 1994; reviewed by Quinn 1993) and the different regimes of natural selection in streams produce discrete populations, adapted to specific rivers, tributaries, or parts of rivers (e.g., Ståhl 1987; Hindar et al. 1991) . The result of these adaptations is that, despite overlapping marine distributions, salmon spawned in different rivers vary in life history traits such as growth rate, age at sexual maturity, migration pattern and seasonal timing of return, frequency of mature male parr, resistance against diseases and parasites, survival rate in freshwater and at sea and time of spawning (e.g., Saunders 1981; Heggberget 1988; Bakke et al. 1990; Hansen and Jonsson 1991; Hindar et al. 1991; Taylor 1991) . Salmon in different streams and rivers also differ in the frequencies of isozymes, which is indicative of reproductive isolation (Hindar et al. 1991) .
The freshwater phases of the Atlantic salmon's life history and their habitat requirements have been extensively studied. In contrast, much less is known about their life at sea. Atlantic salmon are distributed over large areas in the north Atlantic Ocean during their migrations between freshwater and their feeding grounds at sea. They can be found from Connecticut to Ungava Bay in eastern North America and in Europe from northern Portugal to the border between Europe and Asia in northern Russia. Atlantic salmon are also present around the British Isles, Ireland, Iceland, and Greenland. In some oceanic areas (e.g., in the Norwegian Sea, north of the Faroe Islands, and between west Greenland and Labrador) the number of immature salmon has been sufficient to encourage commercial fisheries (e.g., Mills 1993) . The brackish waters of the Baltic Sea also support a form of Atlantic salmon (called Baltic salmon) that only rarely moves into the Atlantic Ocean, but rather feeds in the southern Baltic Sea. Atlantic salmon may spend 1-5 yr in the ocean until they become sexually mature. Depending on the population and duration of marine residence, they may range from 1 to 30 kg.
Survival from smolt to adult varies considerably among stocks and years but is highest for salmon that have spent one winter at sea (known as grilse or one sea-winter [1 SW] fish). Many factors affect the marine survival of Atlantic salmon (Ritter 1989) , although they are generally poorly understood Reddin and Friedland 1993) . The parr-smolt transformation (smolting) and the post-smolt stage (the period just after the smolts have left the rivers) are of particular interest because these periods may be critical for survival in the sea (Browne et al. 1982) .
In this paper we describe some important characteristics of Atlantic salmon during the marine phase of their life cycle: where the fish are distributed in time and space, what they eat, how fast they grow, and how long they stay in the sea before returning to freshwater to spawn. We also discuss migration and homing of salmon. These aspects of the marine life history of Atlantic salmon are compared with Pacific salmon (Oncorhynchus spp.) to better understand Atlantic salmon and to find common patterns and mechanisms.
Atlantic salmon smolts leave fresh water and the postsmolts migrate to the feeding areas in the ocean during late spring and summer (e.g., Thorpe 1988; Mills 1989) . When moving down rivers and entering marine waters (Carlin 1969; McCleave 1978; LaBar et al. 1978; Holm et al. 1982; , their movements seem to depend on the speed and direction of surface currents. Most of the records available suggest that post-smolts move relatively quickly into the ocean, swimming as fast as 2 body lengths·s -1 (Lacroix and McCurdy 1996) , after a period of more passive movements with tidal currents. The duration of estuarine residence seems to be relatively brief. Further evidence, albeit indirect, of rapid migration comes from the fact that very few post-smolts are recorded in fjords and coastal waters during summer and autumn, although they are already present in oceanic areas in the east Atlantic Holst et al. 1993 Holst et al. , 1996 Shelton et al. 1997 ) and west Atlantic (Reddin and Short 1991) at this time of the year. However, Dutil and Coutu (1988) caught many post-smolts in a nearshore zone of the northern Gulf of St. Lawrence, suggesting that this trait may vary among populations or areas.
Studies of estuarine use by Pacific salmon reveal considerable variation among species, confounding any simple comparison with Atlantic salmon (reviewed by Thorpe 1994) . Chum salmon (O. keta) and underyearling (oceantype) chinook salmon (O. tshawytscha) seem to rely more heavily on estuaries than the other species (Healey 1982a; Simenstad et al. 1982) . The species that are larger at seawater entry owing to longer freshwater residence periods (steelhead trout, O. mykiss; sockeye salmon, O. nerka; coho salmon, O. kisutch; and yearling (stream-type) chinook salmon) seem to migrate more rapidly through estuaries and occupy pelagic rather than littoral habitats, in comparison to the other species or life history types (McCabe et al. 1983 ). This trend is consistent with the limited use of estuaries by Atlantic salmon, as they are relatively large as smolts.
There is considerable variation among Pacific salmon in early marine movements as well as estuary use. Sockeye, chum, and pink (O. gorbuscha) salmon move relatively rapidly through coastal waters (Hartt and Dell 1986; e.g., sockeye: Straty 1981; Groot et al. 1989 ) whereas coho and chinook salmon have a greater tendency to remain in coastal waters (Miller et al. 1983; Healey and Groot 1987; Pearcy and Fisher 1988) . Among chinook salmon, this coastal distribution is particularly pronounced among ocean-type populations -those that migrate to sea as juveniles in their first year of life. Stream-type chinook (those that rear for a full year or more in freshwater prior to seaward migration) more commonly migrate to the open ocean (Healey 1983) . Steelhead trout move quickly through estuaries (McCabe et al. 1983 ) and out to the open sea for several years (Burgner et al. 1992 ) whereas their closest relative, the cutthroat trout (O. clarki), seems to spend only the summer at sea (Pearcy et al. 1990 ). The complexity of patterns within the Pacific salmon preclude any simple comparison with Atlantic salmon but the marine movements of Atlantic salmon seem to resemble those of sockeye or stream-type chinook salmon more than the other Pacific species.
A number of post-smolts have been caught in oceanic areas of the northeast Atlantic in recent years during pelagic trawl surveys in the Norwegian Sea in July and August Holst et al. 1993 Holst et al. , 1996 and north of Scotland in May and June Holst et al. 1996; Shelton et al. 1997) . Based on the distribution of catches north of Scotland, the fish appeared to move northwards with the shelf edge current (Shelton et al. 1997) . Farther north in the Norwegian Sea post-smolts were caught beyond 70°N in July. Analysis of growth and smolt age distribution strongly suggested that most of the post-smolts originated from rivers in southern Europe . This was supported by the recapture of a salmon that had been tagged in April 1995 in southern England and recovered about 2000 km farther north three months later, demonstrating the capacity for rapid travel by post-smolts .
In the Labrador Sea, Reddin and Short (1991) caught many post-smolts in the early autumn of 1987 and 1988, using surface drift nets. The highest catch rates occurred between 56 and 58°N and they also caught many older salmon in the area. Based on age analysis, they concluded that postsmolts originating from Maine to Labrador were present. This was supported by recoveries of two post-smolts that had been tagged in the Penobscot River in Maine and Western Arm Brook, Newfoundland. In addition, four older fish in the Labrador Sea had tags, three from the Penobscot River and one from the Middle River, Nova Scotia.
When Atlantic salmon have reached catchable size, their marine distribution is easier to document. Many countries have had major tagging programs on smolts and adults and some of these fish have been recaptured in the high seas fisheries. It is difficult to know the true distribution of salmon at sea, as recoveries depend on the distribution of fishing effort. The absence of fishing pressure in an area does not demonstrate the absence of salmon, although one may assume that there is at least some general correspondence between the distributions of fish and fishermen. The waters off the western coast of Greenland contain many immature salmon that have spent one winter at sea (one sea winter or 1SW) or more than one winter at sea (multi-sea winter or MSW fish). Here, fish from both North America and Europe feed during June-September and are exploited.
Several studies have been carried out to assess the composition of the stocks present in the west Greenland area and establish the origin of these fish (e.g., Parrish and Horsted 1980; Reddin 1988) . Swain (1980) analyzed a time series of smolt taggings in European rivers in relation to recaptures off west Greenland as Ruggles and Ritter (1980) did for North American smolt taggings. Møller Jensen (1980a) used tag recoveries from west Greenland in 1972 to assess the distribution along the west Greenland coast of salmon origination from North America and Europe. These investigations showed that Atlantic salmon from a number of different rivers in North America and Europe were present in the area. Furthermore, based on much more comprehensive material, Reddin (1988) and Reddin et al. (1988) used a discriminant analysis of scale characteristics and concluded that catches of salmon off west Greenland are split fairly evenly between the two continents. It is more difficult to determine the country of origin, but Canada apparently accounts for most of the North American component and Scotland accounts for most of the European fish (Møller Jensen 1980a) . All in all, salmon tagged as smolts in home waters and recaptured at west Greenland have originated from Canada, U.S.A., Scotland, England, France, Norway, Sweden, Iceland, and Ireland, and some Russian salmon may also be present in the area.
At the end of the 1960s and beginning of 1970s, tagging experiments took place off west Greenland (Møller Jensen 1980b) . In total 4657 salmon were tagged and 93 fish were recaptured outside Greenland: 28 in North America and 65 in Europe. The tags were reported from the United Kingdom (44), Canada (28), Ireland (16), Spain (3), and France (2). Taking into account the production of smolts in these countries, this suggests that larger proportions of salmon from more southern areas of Europe are present in this area than from farther north.
In the east Atlantic, salmon are found in large areas in the Norwegian Sea. In the 1970s there was an important commercial longline fishery far north in the Norwegian Sea in February-May. Recoveries of fish in this fishery that had been tagged as smolts and recaptures in coastal and freshwater fisheries of salmon tagged in the Norwegian Sea suggested that Norwegian salmon were most abundant, although fish from the United Kingdom, Sweden, and Russia were also present. Most of the fish were recaptured in homewaters the same year that they were tagged, suggesting that they were maturing (Rosseland 1971) . Towards the end of the 1970s, fishing for salmon in the northern Norwegian Sea was banned and fishing was limited to the area within the Faroese Exclusive Economic Zone (EEZ).
The abundance of salmon within the Faroese EEZ has been assessed from sampling the fishery for a number of years. Jakupsstovu (1988) reported on a tagging program at sea from 1969 to 1976 in which 1946 salmon caught on longlines were tagged and released. The fish were tagged in more southerly areas of the Faroes and 1SW fish were probably highly overrepresented. In total, 90 fish were recovered, 33 in Scotland, 31 in Norway, 15 in Ireland, 8 in other European countries, and 3 at west Greenland. The great majority of the tags were reported in homewaters the same year they were tagged. However, it is interesting to note that some fish in the area may have been on their way westwards, as they were reported from west Greenland later that year.
In recent years a tagging program has been carried out in the major fishing grounds north of the Faroes. From November to March in the 1992/93, 1993/94, and 1994/95 fishing seasons, 5448 salmon were caught by longline, tagged, and released (Hansen and Jacobsen 1997) . To date, slightly over 100 fish have been recaptured and preliminary results suggest that Norwegian salmon were most abundant in the area but Scottish and Russian salmon were also common. Some additional recaptures were reported from Ireland, Iceland, Spain, Sweden, Denmark, England, and even Canada.
Like Atlantic salmon, Pacific salmon have been subjected to mixed stock fishing for several decades. A variety of techniques have been used to describe the distribution patterns of the species and major stock complexes, including coded wire, disk and spaghetti tags, analysis of natural variation in parasite faunas, scale patterns, and isozymes. Reports for each species have been published as bulletins of the International North Pacific Fisheries Commission, which has been replaced by the North Pacific Anadromous Fisheries Commission (coho: Godfrey et al. 1975; sockeye: French et al. 1976; chum: Neave et al. 1976; chinook: Major et al. 1978; pink: Takagi et al. 1981; steelhead: Burgner et al. 1992) . In general, sockeye, chum, and pink salmon and steelhead trout (at least from North America) are almost exclusively distributed in offshore waters, whereas many coho and chinook populations remain near the coast. There is considerable mixing of species and populations and fish from both continents (North America and Asia) can be found in some of the same oceanic areas.
The distribution of Atlantic salmon in the ocean is still not well known but the limited information indicates that salmon are not evenly distributed. Salmon from North America seem to stay in the west Atlantic area, although some fish can move into the northeast Atlantic. It is also evident that a relatively large proportion of the European MSW salmon moves far into the west Atlantic to feed. Salmon from many populations differ in how long the fish stay at sea; hence different sea age-classes from the same populations may be present in different areas. For example, MSW salmon may move farther away from home than grilse. The distribution of Atlantic salmon in the sea seems to reflect environmental factors such as surface temperature and surface currents (Reddin and Shearer 1987; Reddin and Friedland 1993) and probably also the availability of suitable food organisms, as growth and survival are important fitness characters as well. Likewise, the marine distributions of Pacific salmon are apparently influenced by a combination of temperature and food availability as would be predicted from the basic principles of bioenergetics (Welch et al. 1995; Rand et al. 1997 ). There may also be genetically determined, population-specific migration patterns as suggested for Pacific salmon (Brannon 1984; Pascual and Quinn 1994) . The environmental factors are not only proximate stimuli that may affect migration but they are also part of the selection regime that gave rise to the genetic tendencies to migrate to certain locations.
Data compiled by Beamish and Bouillon (1993) indicated that the long-term annual catch of Pacific salmon is 556 000 t. For comparison, the total annual reported catch of Atlantic salmon has declined from about 6500 t in 1988 to 2300 t in 1997 (ICES 1998) . The relative abundance of the Pacific salmon species (by weight) is pink (42.7%), chum (29.2%), sockeye (17.4%), coho (6.6%), and chinook (4.2%). Given their small body size, pink salmon abundance would be much greater if reported in terms of individual fish. The relative abundance of the species in North America (as opposed to Asia, based on the nation whose fishery caught the fish) has been less than half for chum (31%) and pink (41.3%), but more than half for sockeye (73.6%), coho (74.3%), and chinook (89.6%). Comparable records were not reported for steelhead and cutthroat trout, but they are much less abundant than the other Pacific species. The abundance of Atlantic salmon might be most comparable to that of steelhead.
In addition to the wild Atlantic salmon, there has been a great increase in the abundance of hatchery-reared fish in recent years. In Iceland, major sea ranching programs have been carried out and the total catch is significant when compared with that of wild fish (Isaksson 1988) . In several countries, especially Norway and Scotland, a huge salmon farming industry has also developed. Escaped farm fish have been observed in several areas in the northeast Atlantic and they contribute substantially to salmon fisheries in Norway and the Faroes. In Norway, recent estimates suggested that nearly 50% of the salmon catch in coastal bagnets were escaped farmed fish (Lund et al. 1996) and an estimate from Faroes in the 1990/91 fishing season suggested that 40-50% of the catch were farmed fish (Hansen et al. 1993a ). However, at west Greenland, the incidence of farmed fish appeared to be very small . The behavior and life history of these farmed fish in the ocean is virtually unknown.
Although more information about Atlantic salmon in the marine phase has been generated in recent years (e.g., Mills 1993), little is known about their food and feeding habits in the ocean. Salmon spend most of their time in the ocean close to the surface and prey on different pelagic animals like crustaceans, fish, and squid. Several authors have suggested that Atlantic salmon are opportunistic feeders (Hansen and Pethon 1985; Reddin 1988; Hislop and Shelton 1993) but there is no information available to compare the diet of salmon with the distribution of available food organisms. Hislop and Shelton (1993) summarized the prey of Atlantic salmon in the sea and concluded that small postsmolts fed mainly on invertebrates including terrestrial insects but fish predominated in the diet of larger salmon. They also concluded that the species of fish eaten varied between areas and years and suggested that salmon abundance is unlikely to be sensitive to year-to-year changes in any particular prey. Morgan et al. (1986) reported that 21 postsmolts, caught shortly after emigration from the rivers into the Firth of Clyde, west Scotland, had eaten principally sandeels, Ammodytes sp. In July, the main food items of post-smolts in the northern Gulf of St. Lawrence were invertebrates (Insecta, mainly Chironomidae and Crustacea, mainly Gammaridae; Dutil and Coutu 1988) . Later in the summer and autumn, the post-smolts consumed mainly small fish, especially sandeels, Ammodytes americanus. Capelin, Mallotus villosus, were also relatively common prey and euphausids were the most frequently eaten crustaceans. Levings et al. (1994) and Hvidsten et al. (1995) caught post-smolts by pair-trawling at different sites in Trondheimsfjord, Norway in May and June, 1992-1994 . These fish may have been at sea for a few days to a few weeks. In the estuary, the stomach contents were dominated by prey taken in the river , whereas prey species occurring in brackish and salt water were found in stomach samples collected farther out. There was great variation in the prey among the years. For example, in 1992 the dominant prey was insects whereas in 1994 it was crustaceans.
Still farther out in the fjord, the dominant food group was euphausids, whereas at the fjord mouth amphipods (Hyperiidae) and fish (herring, Clupea harengus, larvae) were more abundant. Ranched post-smolts in coastal waters of west Iceland in 1989 and 1990 had eaten primarily crab larvae, amphipods, copepods, and diptera imagos (Sturlaugsson 1994) .
There is some information about feeding of immature salmon in the ocean (reviewed by Reddin 1988; Hislop and Shelton 1993) . In the northwest Atlantic, salmon feed mainly on capelin, sandeels, amphipods, and euphausids (Templeman 1968; Lear 1980; Reddin 1985) . In the northeast Atlantic, salmon feed mainly on herring, lantern fish (Myctophidae), sandeels, amphipods, and euphausids (e.g., Thurow 1973; Hislop and Youngson 1984; Hansen and Pethon 1985) . The Institute of Marine Research in Bergen, Norway, caught salmon in pelagic trawl surveys for marine species in the Norwegian Sea during the summers of 1991 and 1995 and off the Hebrides in 1995 . The main fish species identified in the trawl catches were herring, mackerel, Scomber scombrus, lumpsucker, Cyclopterus lumpus, and Atlantic salmon. In total, 34 postsmolts were caught in 1991 and 108 in 1995. In the Norwegian sea, the most common prey observed in post-smolts were amphipods (Themisto spp.), krill (Euphausidae), herring and redfish, Sebastes spp., larvae, whereas off the Hebrides blue whiting, Micromesistius poutassou, larvae were the only food item identified.
The food of salmon has recently been examined from samples taken in a research fishery north of the Faroe Islands (Jacobsen and Hansen 1996) . The stomachs of 3848 salmon, caught with longline baited with sprat, Sprattus sprattus, between November and March of 1992/93, 1993/94, and 1994/95, were examined. Crustaceans such as Themisto spp., euphausids, and shrimps accounted for more than 80% of the diet by count but by weight more that 60% of the stomach contents were fish, particularly lantern fishes, pearlside, Maurolicus muelleri, and barracudinas, (Paralepididae). Some herring, blue whiting, and mackerel were also observed. During the homeward migration the feeding activity of Atlantic salmon tends to cease and a large sampling from bagnet fisheries in Norwegian home waters revealed that only about 10% of the stomachs contained food (Hansen and Pethon, unpublished data) . Of those that had eaten recently, fish were by far the most abundant prey, especially herring, sprat, and sandeels. This tendency to eat fish is consistent with other studies. Grønvik and Klemetsen (1987) reported that herring were the most important prey in a small number of adult salmon examined in a fjord in northern Norway and salmon caught in bagnets on the Scottish west coast had eaten mainly sandeels (Fraser 1987 ). Fraser's (1987) results indicated that salmon were feeding until June or early July; thereafter all salmon stomachs he examined were empty. Hislop and Webb (1992) examined the stomachs of 54 salmon escaped from fish farms and found that 35% contained food, primarily juvenile whiting.
It is difficult to draw strict comparisons between the diets of Atlantic and Pacific salmon species because the available prey are different and because so many other factors affect diet analysis, including location (habitat and depth), timing (time of day, season, and year), predator size, and maturity state, etc. Bearing these complications in mind, the fishoriented diet of Atlantic salmon seems most comparable to that of chinook among the Pacific salmon species, based on stomach contents (e.g., Beacham 1986 ) and analysis of stable isotopes (Welch and Parsons 1993) . However, considerable overlap exists among most Pacific salmon species (e.g., Tadokoro et al. 1996) . Brodeur (1990) reviewed the literature on Pacific salmon diets and reached the following conclusion. Sockeye and pink salmon subsist mainly on small zooplankton but will consume small nekton (fishes and squids) especially at a larger size. Chum salmon generally consume small crustaceans but often consume pteropods and gelatinous species and their diet is most distinctive among all the salmonids. Coho salmon and steelhead trout exhibit a mixed diet of fish and invertebrates. Masu and chinook salmon and cutthroat trout are mainly piscivorous in all phases of their marine existence.
In the ocean, Atlantic and Pacific salmon grow relatively quickly. The plasticity of salmon growth makes determining the extent of genetic and environmental influences difficult (Thorpe and Stradmeyer 1995) . Differences in growth rates could, for example, be due to variable food supply or more general changes in oceanographic processes and structural features in the water column (Levings 1994) . These changes might affect some populations more than others, depending on their marine distribution. Differences in growth rates may also be shaped by patterns of natural selection in individual rivers. Jonsson et al. (1991) observed that Atlantic salmon in rivers with annual average flows of less than 40 m 3 ·s -1 were smaller than salmon in larger rivers and suggested that selection in small rivers may act against large salmon because low water flows make successful ascent and breeding by large salmon risky and difficult. Rogers (1987a) also pointed out that sockeye salmon spawning in shallow streams within the Wood River lake system are younger and smaller bodied than are the salmon spawning in larger rivers. He hypothesized that access to the shallow streams may have selected against larger individuals but pointed out that selective predation by bears on larger salmon in small streams might also influence the evolution of size and age at maturity.
Although there is no direct evidence of density-dependent growth of Atlantic salmon in the marine environment, evidence has been accumulating for some time that the Pacific Ocean's capacity to grow salmon is not limitless. Rogers (1980) and Peterman (1984) presented evidence of densitydependent marine growth of sockeye salmon. Although there is considerable population-specific variation in age structure and size at age within species (e.g., chum: Beacham and Murray 1987; pink: Beacham et al. 1988; sockeye: Blair et al. 1993; chinook: Roni and Quinn 1995) , interannual variation in these linked traits seems to reflect growing conditions at sea. Poor growth is associated with delayed maturation, hence higher mean age, but smaller size at age (Ishida et al. 1993; Rogers and Ruggerone 1993) , and ocean temperatures have been correlated with age at maturation (e.g., Blackbourn 1987a ). It appears that, at least for some stock complexes such as Bristol Bay sockeye salmon, the density-dependent growth pattern has changed in the last 20 yr. Large runs of salmon are still associated with smaller body size than smaller runs but the salmon are now larger than before at a given density (Rogers and Ruggerone 1993 , and D. Rogers, University of Washington, unpublished data). The good growth at sea since the late 1970s is positively correlated with water termperature (Rogers and Ruggerone 1993) and is consistent with the relatively high abundance of zooplankton in the Gulf of Alaska during the recent period of high salmon abundance (Brodeur and Ware 1992) . The density-dependent effect is seen primarily in the final months at sea, when the large numbers of salmon are becoming more concentrated as they approach Bristol Bay.
In recent years a significant decline in the abundance of Atlantic salmon has been observed over most of their distribution range. The decline has been most pronounced in MSW salmon (ICES 1996) . Possible explanations for this change have been proposed, ranging from changes in the ocean climate Friedland 1998 ) to effects of selective harvesting (Shaeffer and Elson 1975) . Likewise, the past few years have greatly increased interest in decreasing body size and increased age among Pacific salmon populations (Rogers and Ruggerone 1993; McKinnell 1995; Bigler et al. 1996) and trends in abundance (McKinnell 1995; Beamish and Bouillon 1993; Beamish 1994; Hare and Francis 1995) . There have also been concerns about the effects of possible future climate change on ocean conditions important to salmon (e.g., Hinch et al. 1995) and considerable effort is being devoted to understanding the links between climate, physical conditions in the ocean (e.g., upwelling, temperature, salinity, circulation), primary and secondary production, and the growth and survival of salmon.
Survival of Atlantic salmon smolts to adulthood varies greatly among years and stocks. Marine survival rate of salmon has been estimated at 30-40% for wild salmon from the River Bush, Northern Ireland (Crozier and Kennedy 1993) . Similar figures have also been observed in salmon from the River North Esk in Scotland (Shearer 1992 ). These observations have been made in years when survival rates were high. On the other hand, marine survival rates of salmon can be less than 5%. Several factors may affect the survival of salmon in the sea, including disease, predation, and food resources. Even though a number of different diseases and parasites affecting salmon have been described from the wild, in hatcheries and fish farms, there is very little information about how these affect mortality of wild salmon, and this topic needs more research. Predation is probably the most important source of mortality, though diseased fish likely get eaten before they perish. A comprehensive review by Anthony (1994) discussed predatory birds, fish, and mammals as sources of marine mortality in salmon. The main mortality is believed to take place at the postsmolt stage, the first months after the smolts leave their home rivers. This is based on the assumptions that small fish are exposed to a larger range of predator species than large fish and that there are more predators inside the continental shelf than in oceanic areas.
Predation on smolts and post-smolts may be most severe in estuaries and fjords, just after the smolts have left freshwater. In the estuaries of the River Surna and River Orkla, Norway, heavy predation by fish, mainly cod, has been observed on both hatchery-reared and wild smolts (Hvidsten and Møkkelgjerd 1987; Hvidsten and Lund 1988) . Higher survival of hatchery-reared smolts was obtained when they were transported by well-boat and released in the ocean outside the River Surna (Gunnerød et al. 1988 ), but straying of the returning adults increased considerably. This is consistent with the results reported by Solazzi et al. (1991) for coho salmon. In another Norwegian estuary, Reitan et al. (1987) showed that many migrating smolts were eaten by sea birds. Smolts released from hatcheries may experience relatively greater predation rates due to the effects of osmotic stress (Järvi 1989 ) and may also suffer high rates of predation owing to their lack of prior exposure to predators (Järvi and Uglem 1993) .
The timing of smolt migration may be critical for survival. Several pieces of information strongly suggest the existence of a survival window which is open for a few weeks during spring and gradually closes during the summer (Larsson 1977; ). This effect is likely to be driven in part by endogenous factors related to smolt transformation, but it may be also be affected by extrinsic factors in the river, estuary, or at sea. In Norwegian rivers draining areas with high snow fall, the current velocity and turbidity increase considerably during snow melt. Hatchery-reared smolts in the Gaula and Surna rivers showed higher survival when they were released at high water discharge within the normal period of migration (Hvidsten and Hansen 1988) , consistent with results in Maine (Hosmer et al. 1979) . Survival may have been improved because the smolts move close to the water surface (Holm et al. 1982) and descend more quickly at high current velocity (Youngson et al. 1989) , and they may be less vulnerable to predation owing to the high turbidity.
Survival of post-smolts may also be connected with abundance of suitable prey, particularly during the period immediately after they leave freshwater. When the smolts enter saltwater their expenditure of energy increases (Farmer et al. 1978 ) and scarce food resources may result in increased mortality. Lack of food would also reduce growth rate and increase their vulnerability to size-selective predation. Data on predation in the ocean are scarce but it has been speculated that sharks and skates may eat salmon, and there is some documentation of consumption by seals and whales (Pierce et al. 1991; Shearer 1992; Hislop and Shelton 1993) .
The decreased Atlantic salmon abundance in recent years has been most pronounced in North America, although there is also a significant decrease in Europe, particularly in the southern areas (ICES 1996) . There are several factors causing this decline, including freshwater habitat degradation, pollution, parasites such as Gyrodactylus salaris, and overexploitation. However, the decline is more pronounced for MSW salmon than for grilse, suggesting that changes in the marine environment may affect the survival of salmon in the sea (e.g., Ritter 1989). showed that interannual variation in the area of potential post-smolt habitat at sea, defined as the area combining their optimal temperature and full marine salinity, is significantly correlated with catches of salmon from this area. Further studies, using time series of smolt survival rates, seem to confirm this.
If the driving force behind marine mortality is temperature related, one might predict that survival of salmon stocks migrating as post-smolts into the same area would be correlated. This hypothesis was tested using time series of survival estimates of wild salmon from the River Figgjo, Norway, and the North Esk, Scotland ). These rivers enter at opposite sides of the North Sea at about the same latitude and salmon from both rivers have been observed in the Faroes fisheries at the same time: Hence it was assumed that both groups are subjected to the same marine environment for at least the first months at sea (both stocks migrate to sea in early May). Return rates of 1 and 2SW salmon from Figgjo were significantly correlated, as were 1 and 2SW salmon from the North Esk, supporting the hypothesis that most mortality takes place in the first year at sea. Furthermore, there were significant correlations in return rates between salmon from both rivers, suggesting that survival was driven by common marine factors. A positive correlation was found between the area of 8-10°C in the Norwegian Sea north of the outlet of the respective rivers in May and the survival of salmon, consistent with the hypothesis of temperature-related mortality in the sea.
Research on reared Pacific salmon has indicated that marine survival is positively correlated with smolt size among sockeye salmon populations (Koenings et al. 1993) . Within populations, larger individuals are more likely to survive than smaller individuals migrating to sea in a given year (chum : Healey 1982b; sockeye: Henderson and Cass 1991; coho: Mathews and Ishida 1989; Holtby et al. 1990 ; cutthroat trout: Tipping and Blankenship 1993; steelhead: Ward and Slaney 1988; Ward et al. 1989) . However, the relationship between size and marine survival is complicated by several factors. First, interannual variation in marine survival is not correlated with smolt size within wild sockeye (Henderson and Cass 1991) or coho salmon populations (Holtby et al. 1990 ) but seems to be controlled by climatic factors (see below). Second, studies which have systematically controlled smolt size and date of release from hatcheries have revealed that survival is more strongly related to the date of seawater entry than body size (e.g., coho: Bilton et al. 1982; Morley et al. 1988) . Finally, migration date of wild smolts is often related to fish size or age (larger and older smolts leave first; e.g., coho salmon: Irvine and Ward 1989; sockeye salmon: Crawford and Cross 1992), further complicating interpretation of data on survival.
The 1983, the El Niño -Southern Oscillation event in the northeast Pacific Ocean reminded many of the region's fisheries scientists of the importance of interannual variation in oceanographic conditions for fish (Wooster and Fluharty 1985; Mysak 1986 ). Both growth and survival at sea vary considerably from year to year and have been correlated with oceanographic conditions (e.g., Fraser River sockeye salmon: Hsieh et al. 1991) . Research on sockeye salmon from Chignik Lake, Alaska, showed a positive correlation between growth at sea, inferred from scale measurements, and winter sea-surface temperature from 1952 to 1992 (Bumgarner 1993) . Moreover, the abundance of adult Chignik Lake sockeye was positively correlated with both growth at sea and winter sea-surface temperature.
Despite the obvious importance of ocean conditions, salmon survival patterns are not consistent among regions. Variability in stock-recruitment relationships of Bristol Bay sockeye salmon was strongly correlated with climatic factors but correlations between climate and Fraser River sockeye productivity were weak (Adkison et al. 1996) . The 1983 El Niño event was associated with poor survival and growth of coho and chinook salmon populations that feed off the Oregon coast but populations feeding farther north showed no effect (Johnson 1988) . Coastal upwelling seems to exert a positive effect on Oregon coho salmon survival, though the evidence is not always strong and the mechanisms are unclear (Scarnecchia 1981; Holtby et al. 1990 ; reviewed by Pearcy 1992). Nickelson (1986) found that the marine survival of Oregon coho salmon was density independent and was influenced by upwelling, and Holtby et al. (1990) reported significant correlations of salinity with early marine growth and survival of coho salmon from coastal British Columbia. Fisher and Pearcy (1988) concluded that upwelling was positively correlated with survival of Oregon coho salmon but that growth was good over a range of upwelling conditions.
While the direct links to salmon are unclear, there is convincing evidence that the last century has seen long-term climate changes affecting freshwater and marine ecosystems in the north Pacific Ocean (Mantua et al. 1997 ) with incident changes in zooplankton (Brodeur and Ware 1992; Brodeur et al. 1996) and salmon production (Rogers 1987b; Pearcy 1992; Beamish and Bouillon 1993; Beamish 1994; Hare and Francis 1995; Francis and Mantua 1998) . In general, when conditions are favorable for survival in northern regions (e.g., Alaska), they may be unfavorable in southern regions (Francis and Sibley 1991) , but it is not clear how general this anti-correlation is, or where the geographical "breakpoint" might be. Atlantic salmon leave the ocean feeding grounds after 1-4 yr. The factors initiating the homeward migration are unknown but salmon have circannual rhythms of reproductive hormones, synchronized by photoperiod (Bromage et al. 1993) . The usual pattern is that the older individuals return earlier in the season than younger ones (e.g., Dunkley 1986; Jonsson et al. 1990; Shearer 1992) . The internal rhythms and responses to photoperiod are probably population specific, however. For example, salmon ascend several Scottish rivers during all months of the year (e.g., Mills 1989) whereas in Norway salmon ascend rivers only from May to October. There is direct evidence for a genetic component in the seasonal return migration of Atlantic salmon , as in Pacific salmon (Ricker 1972; Taylor 1980; Gharrett and Smoker 1993) .
From extensive data on tagged salmon, Hansen et al. (1993b) concluded that the homing migration from the feeding areas in the north Norwegian Sea to natal rivers in Norway consists of two phases: an initial phase with orientation from the feeding areas towards the Norwegian coast and a second phase in coastal and estuarine waters with more precise orientation towards the home river. Hansen et al. (1993b) estimated that salmon traveled 50-100 km⋅d -1 in the Norwegian coastal current. The rather rapid travel rate of Atlantic salmon in the open ocean is consistent with data from the Pacific salmon species migrating in the open ocean, where maturing salmon may average 40-60 km⋅d -1 and occasionally more than 80 km⋅d -1 over long distances (Royce et al. 1968; French et al. 1976; Groot and Quinn 1987) .
Little is known about the mechanisms of homing by Atlantic or Pacific salmon on the open ocean. Some models for salmon in the north Pacific (e.g., Saila and Shappy 1963; Jamon 1990 ) have indicated that very little orientation is needed to simulate the return rates of tagged fish from the ocean to coastal areas but these models are inconsistent with empirical data of various sorts, invalidating their conclusions (Quinn and Groot 1984; Quinn 1991) . If we reject the hypothesis of random movement, three alternatives present themselves: navigation, orientation, and piloting (Griffin 1952) . Navigation is the ability to select and maintain directional movement towards a goal without reference to stimuli emanating from the goal and seems to necessitate some form of map to indicate the individual's location, relative to the goal. There is no direct evidence that salmon navigate but the tendency of at least some populations to converge on specific coastal locations from very broad feeding ranges suggests such an ability (Quinn 1984 (Quinn , 1990 . Behavioral experiments with juvenile salmon indicate that they are sensitive to the magnetic field of the earth (Quinn 1980; Quinn and Brannon 1982) and magnetite particles may be a component of the transduction mechanisms (Walker et al. 1988; Moore et al. 1990; Walker et al. 1997) . Such a magnetic field detection system could aid in salmon navigation but no conclusive field experiments have been conducted on this subject.
Alternatively, the salmon may possess a compass orientation ability and head in a homeward direction without regard to their location at sea. This hypothesis is consistent with interannual variation in timing and landfall of Fraser River sockeye salmon (Blackbourn 1987b; Groot and Quinn 1987) and with experimental evidence that juvenile salmon can orient using the sun's position (Groot 1965) and magnetic field (Quinn 1980; Quinn and Brannon 1982) . The ability of telemetered Atlantic and Pacific salmon to swim in relatively straight lines in open water indicates at least some directional ability (Smith et al. 1980; Quinn et al. 1989; Ogura and Ishida 1995) and rapid rates of net travel could not be accomplished without a good sense of direction, given the swimming speeds of salmon (Quinn and Groot 1984) .
The interannual variation in migration timing provides some information on the orientation mechanisms of salmon populations. Burgner (1980) reported that sockeye salmon return early to Bristol Bay, Alaska, following a relatively warm spring. This relationship is not species specific however; the run of sockeye salmon to the Fraser River, B.C. tends to be late following a relatively warm spring (Blackbourn 1987b; Quinn 1990 ). Blackbourn (1987b) hypothesized that the ocean distribution of sockeye salmon shifts to the north or south, depending on prevailing water temperatures, and the date of migration is fixed. Thus after a warm spring, populations in the northern part of the range (e.g., Bristol Bay) have a shorter migration and arrive sooner whereas southern populations such as the Fraser River tend to arrive late because they have farther to go. The migratory routes of salmon also reflect oceanic conditions. The proportion of sockeye salmon migrating to the Fraser River via Johnstone Strait (i.e., northern route, as opposed to the southern route through the Strait of Juan de Fuca) is positively correlated with water temperatures (Groot and Quinn 1987; Xie and Hsieh 1989) . Computer simulations indicated that ocean currents can also affect latitude of landfall (Thompson et al. 1992 ) and timing of return (Thompson et al. 1994) .
In addition to the map and compass hypotheses, it is possible that salmon migration at sea is accomplished by piloting, using information learned on the outward journey or clues emanating from freshwater locations. However, the distances that salmon travel from their home river, the complex current patterns at sea, and the tendency of salmon to return home from different feeding locations makes it very unlikely that riverine odors play an important role on the open ocean (Royce et al. 1968) , and it is generally accepted that the stimuli guiding salmon at sea differ from those used in rivers (Hasler 1971; Quinn 1990 ). In addition, some populations (e.g., Fraser River sockeye salmon) do not return as adults along the route that they took as smolts, so information learned on the outward journey cannot be crucial for homing (Groot and Cooke 1987) .
After salmon accomplish the migration from distant, oceanic feeding grounds to the nearshore environment, the coastal waters and estuaries present another set of challenges to their orientation systems. The homing migration of Atlantic salmon does not seem to be passive or current guided, as suggested by Taguchi (1957) , Mathisen and Gudjonsson (1978) , and Isaksson (1980) . When homing to Norwegian rivers the fish approached the fjords from both the north and south and may have followed the coastline for long distances (Hansen et al. 1993b) . A similar pattern has also been observed along the east coast of Canada (Reddin and Lear 1990) . Salmon tracked by Smith et al. (1980) off the east coast of Scotland showed the ability to swim in fixed directions at energetically efficient speeds but were also affected by tidal currents (see also Quinn 1988 for similar results with sockeye salmon). Hansen et al. (1993b) reported that Atlantic salmon travel rates slowed in fjords, perhaps because they require time to locate their natal rivers. Westerberg et al. (1982a) and Døving et al. (1985) reported that telemetered salmon moved up and down in the water column in association with fine-scale hydrographic stratification and they concluded that salmon search for vertical gradients of odors from the home river rather than horizontal gradients. The role of such vertical movements in orientation is consistent with observations of sockeye salmon (Quinn et al. 1989 ) but modeling suggested that the sockeye used a combination of compass orientation, avoidance of freshwater from nonhome sources, and random movement when they encounter islands and other obstacles (Pascual and Quinn 1991) .
Alternatively, the slow and sometimes apparently random movements of many salmon in coastal waters and estuaries may not reflect orientation mechanisms but the tendency of many populations to wait for suitable conditions for up-stream migration (Jonsson et al. 1990) or to remain in the estuary as they undergo the physiological processes of maturation and osmoregulatory adaptation to freshwater. Atlantic salmon tracked in estuaries of the Baltic Sea (Westerberg 1982b) , Nova Scotia (Brawn 1982) , and England (Potter1988; Priede et al. 1988) tended to move back and forth with tidal currents for some time before ascending their home river. This, too, is consistent with the behavior of many populations of Pacific salmon (e.g., Groot et al. 1975; Olson and Quinn 1993; Levy and Cadenhead 1995) .
Although olfaction probably plays little role in the orientation of salmon on the open ocean, it is well established that odors guide the final stages of homing in freshwater. A large body of evidence indicates that odors inherent in the stream (e.g., rocks, soil, plants) provide a distinctive chemical signature that is learned (imprinted) by juvenile salmon prior to or during seaward migration and is used by maturing adults to identify their natal stream. (Hasler 1966; Harden Jones 1968 Hasler and Scholz 1983; Dittman and Quinn 1996) . It has also been hypothesized that population-specific odors (pheromones) from conspecifics living in the river or migrating to sea guide maturing salmon (Nordeng 1977 (Nordeng , 1989 . Most evidence supports the first hypothesis. Atlantic salmon released as smolts in a small stream devoid of salmon returned there to spawn at maturity . Pacific salmon also returned to their release site rather than to a site containing members of their population (e.g., Donaldson and Allen 1957; Brannon and Quinn 1990 ) and can home to rivers scented with artificial odors on which they imprinted, even in the absence of pheromones (Hasler and Scholz 1983) .
Experimental transportation and release studies indicate that salmon may not merely imprint once in freshwater but rather that odors are learned in a more complex sequence. Atlantic salmon released as smolts in the River Imsa returned there as adults with high precision . However, when smolts imprinted to River Imsa water were transported by boat about 45 km towards the ocean, and thus deprived of a part of the migration route, the great majority of the adults failed to return to River Imsa, suggesting that the salmon needed to experience the outward migration in order to find their home river at maturity. Atlantic salmon transported and released as post-smolts on the feeding grounds north of the Faroe Islands failed to home as adults to their home river; in fact, no fish was reported caught in fresh water (Hansen et al. 1993b ). This may indicate a reduced preference for these fish to enter rivers and spawn. All adult recaptures, however, were made in Norwegian home waters eastward of the site of release. No maturing salmon were reported from elsewhere despite heavy salmon fishing in the U.K., Ireland, and North America, and in Icelandic rivers. Natural mortality of post-smolts in the sea is high (e.g., Mills 1989 ) and the recaptures are few and scattered over large areas. However, the fact that all adult recaptures were reported from Norwegian home waters supports the idea that the salmon may have an inherited crude compass sense of direction (Walker et al. 1988; Moore et al. 1990 ) and that sequential learning may not be mandatory to sense the general direction back to Norway. The iteroparous life cycle of Atlantic salmon provides an opportunity for further insights in the imprinting process because there is the possibility that they might imprint as seaward-migrating post-spawners. However, Hansen and Jonsson (1994) provided evidence to support the hypothesis that the learning process during migration to the sea as smolts becomes fixed and is not overridden by a new learning process at the postspawning stage. Kelts transplanted from their home river to several distant rivers returned as second-time spawners to the river they left as smolts, not to the river from which they entered the ocean as adults.
The marine phase of the Atlantic salmon's life cycle is much less understood than the freshwater phase. Information on general distribution patterns in time and space for major stock complexes has been assembled but is biased by reliance on uneven fishing effort for recoveries of marked fish and hampered by rather small sample sizes in many cases. The sources of mortality are virtually unknown but evidence points to the first few months at sea as being critical for survival and correlations with oceangraphic conditions are providing some insights, albeit indirect, into the processes operating at sea. The trophic ecology of salmon at sea is in a similarly primitive state of understanding. Information from stomach contents has yet to be integrated into a model of prey resources and energetics that would shed light on factors that might limit growth and affect age-at-maturity and survival. In these and other aspects of the biology of Atlantic salmon at sea such as migratory orientation, many insights are provided by research on the more abundant and heavily studied Pacific salmon species. Atlantic salmon seem to be most comparable to stream-type chinook salmon or steelhead in their size at seawater entry, migratory patterns, trophic status, and overall abundance. Information on these species in particular, and other Pacific salmon as well, may be useful in understanding Atlantic salmon biology and we encourage further comparative analyses that may advance the state of knowledge on salmonids in both oceans. 
